Introduction
The weight reduction for fuel efficiency as well as the safety is continuing to be the major concerns in automobile manufacturing. To meet such requirements, investigation on the development of high strength steels with excellent formability for the fabrication of various automobile parts is being carried out.
It is well known that transformation induced plasticity (TRIP)-aided steels, 1) exhibit a superior combination of strength and ductility compared to precipitation hardened and solution hardened steels. The strain induced transformation of any retained austenite present in TRIP-aided steels occurs during deformation leading to the formation of strain induced martensite, so that a good combination of formability and strength can be obtained. 2) Employing the TRIP phenomenon to the production of ultra high strength steel without loss of formability has been an interest of many steel makers. [3] [4] [5] It has been known that carbon, manganese and silicon are the most effective alloying elements for TRIP-aided steels. Such elements contribute to stabilizing the retained austenite due to the inhibition of carbide precipitation during bainite reaction. 6) However, steels with high contents of silicon pose difficulties in the welding process. In order to reduce the content of such elements without loss of strength and ductility, some investigations have been carried out 7, 8) and also some other alternatives have been proposed. The TRIP-aided steel containing aluminum in place of silicon was also proposed and the effects of aluminum and silicon on the TRIP properties was compared.
9) The corresponding phase change was examined for various heat cycles to find the optimum heat treatment for the TRIP steels.
10) The effect of deformation during intercritical annealing on the morphology of phases has been investigated for hot rolled TRIP steels 11, 12) and the cold rolled steels with microalloying elements like Nb [13] [14] [15] and P 16) have also been studied. However the effect of nitrogen on TRIP phenomena has been rarely reported though nitrogen addition can form precipitates to affect on behavior of transformation in TRIPaided steels. In this study, the effect of nitrogen on the cold rolled TRIP-aided steel on microstructure and mechanical properties were investigated.
Experiments

Material
In this study, two kinds of steels, S and S-N, were investigated in order to study the effects of nitrogen on the mechanical properties. The chemical compositions of those steels are shown in Table 1 . The nitrogen content of 0.003 % in steel S was an impurity that unavoidably remained in the melting process. On the contrary, for the steels with nitrogen content of higher than 0.010 %, nitrogen was intentionally added using nitrogen gas during the melting process. Aluminium was added in order to simulate December 20, 2005 ) Tensile tests were conducted in order to study the effects of nitrogen on the mechanical properties of the 0.2C-1.5Mn-1.5Si-0.04Al-(0.003-0.015)N steels often annealing at 800-830°C, followed by the austempering at 400-450°C. The results show that both tensile strength and elongation increase and the balance of tensile strengthϫelongation are improved upon nitrogen addition to the TRIP steel. It was found that the density of AlN precipitates increases with addition of nitrogen. The volume fraction of retained austenite increases due to AlN precipitation, because the precipitates retard the transformation of austenite during cooling and austempering. As a larger volume fraction of austenite remained after annealing has been transformed to martensite during deformation, elongation as well as strength has increased in the nitrogen added steel. It is also observed that the average grain size of ferrite and bainite decreases because of AlN precipitation that hinders grain growth. The refinement of ferrite and bainite by AlN precipitates also contributes to the increase in the strength of nitrogen added steels.
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the industrial steels. It is to be mentioned here that aluminium addition was done to scavenge oxygen in the refining process, and it remains as an impurity (0.02-0.05 %) for cold rolled steels.
Processing and Characterization
The steels used in present investigation were vacuum melted and subsequently hot rolled to 30 mm in the laboratory. The hot rolled plates were reheated at 1 250°C and hot rolled to 3.2 mm with finishing temperature as 910°C, followed by soaking at 600°C for 1 h and furnace cooling to room temperature. This was done in order to simulate the coiling process of hot bands. The hot rolled steels were pickled, cold rolled to a thickness of 1.4 mm followed by annealing using a continuous annealing simulator (ULVAC CCT-Y8).
Tensile specimens with a gauge length of 50 mm and a width of 12.5 mm were made of the cold rolled steel sheets along the rolling direction. The specimens were heat treated according to the schedule given in Fig. 1 , which reproduces the industrial continuous annealing process. The effect of temperatures on the mechanical properties was measured using the specimens which were heated at the intercritical temperature in the range of 800-830°C and with the austempering temperature in the range of 400-450°C.
In order to determine the change in the amount of retained austenite during deformation, the volume fraction of retained austenite was measured for the tensile specimens which were uniaxially tensioned by 0-25 %. The retained austenite fractions were calculated by Equation (1) using the data measured by X-ray diffraction analysis with Cu-K a radiation.
........... (1) where I a (200) is the integrated intensity of (200) peak in the ferrite, and I g (200) and I g (220) are the integrated intensities of (200) and (220) peaks in the austenite, respectively, and V c is the percentage of cementite.
The distribution of retained austenite phase was examined using an electron back scattering diffraction (EBSD). Using the Oxford INCA Crystal EBSD system installed on JEOL 6500F schottky type field emission gun scanning electron microscope, the EBSD patterns were measured and each pattern was identified as ferrite and residual austenite independently. Transmission electron microscopy was also carried out in order to examine the shape of retained austenite and precipitation. For this purpose, thin foils were prepared using conventional mechanical and twin jet electropolishing, and these were examined with JEOL 200CX transmission electron microscope. Figure 2 shows the variation of tensile strength (TS), elongation (El) and yield strength (YS) as a function of the nitrogen content in the experimental 0.2C-1.5Mn-1.5Si-0.04Sol.Al steels. As mentioned earlier, a nitrogen content of 0.003 % unavoidably remained as an impurity in the melting process. On the contrary, nitrogen was intentionally added using nitrogen gas in the melting process for the steels with nitrogen higher than 0.010 %. It has been shown that both the strength and the elongation for the steels with nitrogen content 0.010 % and above are higher than those of the steel with 0.003 % nitrogen. Therefore the balance of strengthϫelongation (TsϫEl) was found higher for the nitrogen added steels than the steels without intentional addition of nitrogen. In order to clarify the effect of nitrogen on the mechanical properties of TRIP-aided steel, two kinds of steels, S and S-N, were chosen and analysed in detail. Steel S represents the steel with 0.003 % nitrogen (as an impurity), and steel S-N denotes the steel with 0.010 % nitrogen that was intentionally added. Table 1 . Chemical composition of examined steels (mass content in %). The mechanical properties of steel S and S-N were compared when specimens were heat treated under various conditions. It has been shown in Fig. 3 that both the strength and the elongation of steel S-N are higher than those of steel S when specimens were heat treated in the intercritical annealing temperature of 800-830°C. Figure 4 also indicates that both the strength and the elongation of steel S-N are higher than those for the steel S regardless of austempering temperature in the range of 400-450°C.
Results
Mechanical Properties
The flow curves obtained by uniaxial tension tests are presented in Fig. 5 along with the curves of strainstrain hardening rate. It is apparent from these plots that the hardening rate of steel S-N becomes higher than that of steel S at the true strain of 0.05 and the higher value is maintained up to the strain of necking. In general, the transformed martensite increases the strain hardening rates due to the dislocations generated at the interface between ferrite and martensite. 17) In order to examine the change in volume fraction of retained austenite during deformation, X-ray diffraction technique was employed. Volume fraction was measured for the specimens uniaxially tensioned by the range of 0-25 %. Figure 6 shows that initial volume fraction of retained austenite in steel S-N is higher than that of steel S. However, the volume fraction of retained austenite in steel S-N became smaller when the specimens were tensioned larger than the strain of 0.05.
Microstructure
The microstructures of steel S and S-N after annealing were observed using SEM. As shown in Fig. 7 , fine second phase particles form in steel S-N. Since it was difficult to distinguish retained austenite from the microstructure containing various second phases using SEM, the distribution of retained austenite was examined using EBSD. Figure 8 contains the retained austenite distribution measured using EBSD with respective SEM images for steel S and S-N. The EBSD maps were obtained in the position correspondent to the SEM images. It can be seen that the volume fraction of retained austenite in steel S-N is higher than that of steel S. The grain size was also measured for ferriteϩbainite and retained austenite, respectively using EBSD (Fig. 9) . The result indicates that the average grain size of ferrite and bainite decreases with the increase in nitrogen content while the addition of nitrogen has little effect on the average grain size of retained austenite. It has been understood that nitrogen forms AlN in combination with Al (Fig. 10) . As compared to steel S, more precipitates of AlN were observed in steel S-N due to higher content of nitrogen. The AlN precipitates in steel S and S-N differ in morphology and consequent grain shapes of retained austenite (Fig. 11) . While the grains of retained austenite in steel S were smoothly rounded, many irregular boundaries of retained austenite were observed in steel S-N as shown in Fig. 11(b) . It was also found that the AlN precipitates were present around the irregular boundaries of retained austenite in steel S-N.
While the volume fraction of retained austenite in steel S-N was higher than that in steel S before deformation, and it became lower as compared to steel S after uniaxial tension. Figure 12 displays the microstructures recorded using SEM and EBSD. These micrographs clearly reveal that the volume fraction of retained austenite in steel S is higher than that of steel S-N after uniaxial tension. These results verify the results of austenite volume fraction measurements using X-ray diffraction analysis (Fig. 6 ). 
Discussion
Effect of AlN Precipitation on the Retained Austenite Characteristics
It is well known that microstructure and mechanical properties of cold rolled TRIP steels are strongly dependent on the annealing conditions. Referring to the typical heat cycles of TRIP steels applied at the continuous annealing line as shown in Fig. 1 , it is clear that during intercritical annealing, austenite forms in two main steps. 19, 20) Initially, almost instantaneous nucleation of austenite takes place on pearlite colonies or at grain boundary carbides, and subsequently these nuclei grow slowly into the ferrite. During annealing for a short time, the annealing temperature must be sufficiently high to ensure complete dissolution of carbides and to form a dual phase microstructure consisting of ferrite and austenite. 21) It was confirmed that more than 50 % austenite was formed steel S and S-N at the temperature higher than 800°C using a dilatometer. The austenite is transformed to bainite and carbon is diffused to austenite during austempering. The retained austenite becomes stable and the martensite transformation temperature decreases to a temperature lower than room temperature because of high content of carbon in the retained austenite. 22) Therefore the mechanical properties and the morphology in TRIP-aided steels are found strongly dependent on the austempering condition. 7, 10, 23) The precipitates can also affect the transformation and grain growth in the TRIP-aided steels during the annealing process. In order to clarify the effect of precipitate on the morphology and mechanical properties, it is necessary to form precipitates without solid solution of added elements. Though the effect of Nb has been studied by many researchers 14, 15, 24) and Nb(CN) precipitates have been observed in the Nb added TRIP steels, 22) it is difficult to extract the effect of precipitates in the Nb added steel because of Nb in solid solution. However most amount of nitrogen added in Steel S-N has been precipitated so it is possible to analyze the effect of precipitate in this study. Figure 13 shows the calculated results of AlN mass fraction in steel S and S-N as a function of temperature in the equilibrium state that was calculated using the program Thermo-Calc. These results confirm that the entire amount of nitrogen gets precipitated to form AlN in the equilibrium state, and the fraction of AlN in steel S-N is three times as much as that of steel S. The observation using TEM also showed high density of AlN precipitates in the steel S-N, as shown in Figs. 10 and 11 . The effect of small amount of solute nitrogen can be neglected so that this study focuses on the effect of nitrogen on morphology of precipitates and mechanical properties of TRIP. These precipitates could retard the transformation and grain growth during cooling from the intercritical annealing temperature and austempering. The austenite formed in the intercritical annealing was transformed to ferrite or bainite during cooling and austempering annealing, and the untransformed austenite remained as the retained austenite after annealing. 18) During transformation of austenite to bainite, the precipitates may retard the transformation rate by dragging the grain boundaries, and the irregular grain boundaries of retained austenite (Fig. 11(b) ) can be explained by this reaction between the precipitates and grain boundaries during transforming of austenite. This also explains the retention of high volume fraction of austenite in steel S-N as apparent from Fig. 8 and small average grain size of ferrite and bainite, as shown in Fig. 9 .
In addition, it was confirmed in this study that the phases in the TRIP-aided steels could be well characterized by the analysis using EBSD as shown in Fig. 8 . The accurate determination of the volume fraction of retained austenite is of great importance for the optimization of TRIP-aided steels and many methods [25] [26] [27] have been developed to measure retained austenite. Among the developed methods, the analysis using EBSD is most useful when the size distribution of retained austenite is to be determined.
Mechanical Properties of Nitrogen Added Steel
As shown in Fig. 2 , the tensile strength increases by 30-50 MPa and the elongation increases by 5-7 %, when nitrogen was intentionally added. The balance of tensile strengthϫelongation gets enhanced by about 30 % of the original value by the intentional addition of 0.01 wt% nitrogen. It has been shown in Figs. 3 and 4 that the nitrogen added steels was superior to the TRIP steel without addition of nitrogen regardless of annealing temperatures. These results reveal that the addition of nitrogen has strong effect to enhance the strength and elongation with low cost.
The changes of volume fraction of retained austenite and strain hardening rate as a function of strain are presented in Figs. 5 and 6, respectively. These results indicate that the volume fraction of retained austenite in steel S-N was higher than that of steel S before the deformation, however, it becomes smaller after the uniaxial tension by the true strain of 0.05. The hardening rate of steel S-N becomes higher than that of steel S at the true strain of 0.05 and maintained the higher value up to the strain of necking. It is reported that the transformation of retained austenite to martensite during deformation leads to dislocation generation and thus results in a flow stress increase. 28) Besides, the transformed martensite causes increase in the strain hardening rates because of dislocations generated at the interfaces between ferrite and martensite which subsequently get multiplied in the ferrite matrix as the material underwent further deformation. 17) Also, the transformation induced deformation gives rise to an increased resistance to necking, thus leading to an improved uniform elongation. 28) A previous study on simulation of TRIP behavior 29) has also shown that the elongation of TRIP steel gets enhanced because the transformation of retained austenite suppressed the start of necking. Therefore, the higher strength and elongation of steel S-N can be explained in term of the transformation of large volume fraction of retained austenite during deformation. The refinement of ferrite and bainite by the precipitate of AlN (Fig. 9 ) also contributed to the increase in strength of nitrogen added steels.
It has been reported that the stability of retained austenite against a strain induced transformation to martensite is increased with decreasing size. 16) Therefore, large sized retained austenite was unstable and transforms to martensite at low strain, while smaller sized retained austenite was more stable and could be retained to higher strains.
13) The work by Jeong et al. 30) has shown that most of retained austenite with particle size larger than 1 mm gets transformed to martensite at strain about 5 %. However, there is no unique agreement about the effect of retained austenite particle size on ductility. Some researchers 13) have suggested that retained austenite with particle sizes smaller than 1 mm contributes to the TRIP effect. While the others 16) reported that the small austenite particles have little effect on ductility because the retained austenite with submicron size shows mechanical stability even after 10 % deformation. It is shown in Fig. 8(b) , that large particles of retained austenite larger than 1 mm exist with small particles. It can be suggested that large particles gets transformed up to deformation 5 %, which results in an increased strain hardening rate and its high value was maintained by the transformation of small particles of retained austenite after this level of deformation in steel S-N.
Conclusions
In order to analyze the effect of addition of N in the cold rolled TRIP-aided steel, the mechanical properties and morphology were studied for the 0.2C-1.5Mn-1.5Si-0.04Al-(0.003-0.015)N steels annealed at 800-830°C, and austempered at 400-450°C. The following conclusions can be drawn:
(1) Both the tensile strength and the elongation increased by addition of nitrogen, so that the balance between tensile strength and elongation was improved.
(2) The density of AlN precipitates increased when N was intentionally added.
(3) The precipitation of AlN had a retarding effect on the transformation of austenite during cooling and austempering, and resulted in an increased volume fraction of retained austenite with an increase of the nitrogen content.
(4) The results obtained, viz. the change of the volume fraction of the retained austenite and strain hardening in a steel with nitrogen addition, indicated that the transformation of a large volume of retained austenite gave rise to a high strength and good ductility.
(5) The average grain size of ferrite and bainite decreased due to AlN precipitates that hindered grain growth. The refinement of ferrite and bainite by the AlN precipitates also contributed to an increase in strength of N added steels.
